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Frequency Stabilization of the Sequence-Band CO2 
Laser Using the 4.3-pm Fluorescence Method 
Sergei Ya. Tochitsky, Che-Chung Chou, and Jow-Tsong Shy 
Abstract-The saturated 4.3-rrm fluorescence stabilization irradiated bv a resonant radiation. To realize this method. a 
method is applied to the 00°2-[1001, 0 2 ° 1 ] ~ , ~ ~  sequence band 
CO2 laser transitions. For this purpose, the 4.3-pm fluorescence 
is observed using an external longitudinal CO2 absorption cell 
heated to 300 "C. The dependence of the frequency stability 
upon the gas temperature and pressure in the cell as well as 
laser parameters have been carried out in absolute frequency 
scale with the help of a two-channel heterodyne system. Under 
optimal conditions, the standard deviation of the beat note 
frequency between sequence band and regular band lasers for 
30 s averaging time is less than 20 kHz, and the long-term 
stability and reproducibility is achieved at about 10 kHz. 
I. INTRODUCTION 
HE 00'2-[ 10'1, 02'1]1,11 sequence-band lines were first T observed in the oscillation spectrum of a CO2 laser by 
Reid and Siemsen in 1976 [l]. They can be generated in a 
laser cavity with good wavelength discrimination [ 11-[3] or 
by placing a hot CO2 cell inside the cavity of a conventional 
CO2 laser [4]. The frequencies of these transitions are shifted 
by a value less than 1 cm-' with respect to the nearby regular 
transitions. The presence of these new lines practically doubles 
the number of the possible lines of widely used line-tunable 
CW CO2 lasers. The use of such a laser system for FIR laser 
pumping [5], measurements of vibrational temperatures in CO2 
lasers [6], [7] and for molecular spectroscopy [SI have been 
already successfully demonstrated. 
Although the oscillation efficiency of sequence lines 
achieved at present is about 30% of the regular lines, the 
future employing of sequences lasers will not be for power 
applications but mostly for spectroscopy purposes. The main 
requirement to the laser source as a spectroscopic tool along 
with tunability is its frequency stability. 
A simple way of frequency stabilization is using the laser 
power peak as a discriminate characteristic. This was used by 
Siemsen and Whitford in 1977 in their heterodyne frequency 
measurements of sequence band laser transitions. The stability 
obtained by this method is about lop8 [9]. In 1987, the 
optogalvanic (OG) Lamb-dip technique for stabilizing the 
sequence CO2 laser was demonstrated by Shy and Yen [lo]. 
The OG effect is a change in the impedance of a discharge 
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low pressure (400 mTorr) c 0 2 - N ~  dc discharge tube is 
placed inside the laser cavity and the saturation dip at the 
center of any laser transition is detected optogalvanically and 
used to stabilize the laser. This technique has been studied 
carefully by Zink and coworkers [ 111 using an external cell. 
Recently, Shieh and coworkers improved the OG Lamb-dip 
frequency stabilization of the sequence band laser by the use 
of a rf discharge [12]. The main limitation of stability for 
the OG Lamb-dip methods is that a relatively high pressure 
(400-500 mTorr) is required for sufficient signal-to-noise ratio 
(S/N), therefore the pressure shift and pressure broadening are 
large. Moreover, due to the gas discharge, which is an essential 
part of the optogalvanic detection, Zeeman and Stark shifts of 
the line center exist, although they are quite small. The stability 
obtained by this method is 2 x  lo-' [ 101-[12]. 
A CO2 laser can be line-center stabilized for the regular 
band transitions by using the saturation dip in 4.3-pm CO2 
fluorescence [13]. In this method the 4.3-pm fluorescence is 
generated in a low pressure CO2 absorption cell subjected to 
a standing-wave field of the CO2 laser. Using low-pressure 
(30-40 mTorr) room temperature CO2 as a saturable absorber, 
the 4.3-pm fluorescence stabilization method automatically 
provides a nearly perfect coincidence between the gain profile 
of lasing medium and the resonance of the saturable absorber, 
since they both utilize the same molecule. At 4.3 pm, InSb 
photovoltaic detectors provide background-limited detection 
sensitivity. All these features give rise to the high long-term 
stability and reproducibility of CO2 lasers stabilized by this 
technique. A regular-band CO2 laser stabilized using 4.3-pm 
saturated fluorescence can have a stability of better than 
[14], [15] and can be used as a secondary frequency standard 
for metrological purposes in the 9-11 pm spectral region. At 
the same time, it is rather easy to obtain lo-'' stability for a 
CW laser in an ordinary laboratory environment. 
However, since the lower laser level of the sequence bands 
is energetically higher than the corresponding level of the 
regular bands by at least 2300 cm-l, its population at room 
temperature is four orders of magnitude less. Therefore, the 
saturated fluorescence method is not easily applicable to the 
sequence band laser transitions. Two principal ideas have 
been suggested to overcome this problem in [16]. As 4.3-pm 
fluorescence originated from the sequence band grows rapidly 
as temperature increases, heating of CO2 can provide an 
increase of the population as well as of 4.3-pm fluorescence 
signal. But heating only is not enough because even at 400 "C 
the S/N is two orders of magnitude less than that of the regular 
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band fluorescence at room temperature. On the other hand, due 
to the high location of the upper level of the sequence band, 
the 4.3-pm fluorescence originated from it has a small photon 
trapping effect. That is why one can increase the 4.3-pm 
signal intensity by using a longitudinal 4.3-pm fluorescence 
collecting cell, in which the detector's field of view is along 
the laser beam. Such a longitudinal cell is called an L-cell, 
as opposed to the conventional transverse type cell (T-cell) 
with a side-looking detector [14]. The initial experiments on 
the stabilization of the sequence band CO2 laser have shown 
good applicability of such an approach [16], [17]. 
In this paper, we report the systematic investigation of 
the frequency stability of a sequence band CO2 laser stabi- 
lized using the 4.3-pm fluorescence technique. In order to 
investigate in the most direct fashion the various parameters 
affecting frequency stability, a two-channel heterodyne system 
was used in these experiments. The parameters, which have 
been studied, include the temperature and pressure of CO2 
gas in the external fluorescence cell, the laser power and line 
strength. To determine the optimal parameters we have also 
recorded the S/N. Such optimization permits us to formulate 
requirements and to provide guidelines so that the sequence 
lines may be stabilized with relative ease, and with comparable 
stability and reproducibility in ordinary laboratory environ- 
ment. A description of the experimental setup together with 
the measurements procedure and accuracy analysis are given 
in Section I1 and the experimental results are presented and 
discussed in Section 111. 
11. EXPERIMENTAL PPARATUS AND TECHNIQUE 
A. Experimental Setup 
The schematic of our two-channel heterodyne system with 
line-center stabilized CO2 lasers is shown in Fig. 1. It is 
used in our precise heterodyne frequency measurements of 
sequence band transitions [18]. Since this system is based 
on the heterodyne frequency measurements of sequence band 
laser transitions against the regular ones, two gas-flow CW 
CO2 lasers were used. The reference laser provided the regular 
band CO2 transitions. It consisted of a discharge tube of 1.65 m 
active length and a 2.12 m long cavity. The cavity is formed 
by a gold coated end mirror with a radius of curvature of 
5 m, which is mounted on a piezoelectric transducer (PZT), 
and a 135 lines/" grating. The 95% reflectivity diffraction 
grating is mounted according to the Littrow scheme and the 
zeroth order of the grating was used for output coupling. To 
ensure the constant direction of output radiation the grating 
is combined with an additional mirror such that their planes 
intersecting along the rotation axis to form a comer reflector 
[19]. All elements of the cavity are supported by three invar 
rods. The sequence band CO2 laser has a similar mechanical 
design. Its 3.65-m long cavity is terminated by a 150 lines/mm 
grating, and a 99% or 95% ZnSe output coupler with a 5 m 
radius of curvature, which is mounted on a PZT. The total 
discharge length is 2.3 m. A 0.6 m long hot cell near the 
grating is used to suppress the regular band oscillation. With 
the laser gas mixture 12% CO2 18% N2 70% He at a total 
pressure of 13 Torr and CO2 temperature in the hot cell about 
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determine sequence band CO2 laser frequencies. 
Experimental setup of the two-channel heterodyne system used to 
240 "C we were able to achieve up to 5 W power in E M 0 0  
mode for the strong sequence lines. 
Regular-band laser was locked to the center of the rovi- 
brational transition of CO2 molecule by the saturated 4.3-pm 
fluorescence technique using an external T-cell. The pressure 
of CO2 in the T-cell is 40 mTorr. To reduce the noise caused 
by the background thermal radiation, the detector was placed at 
the center of curvature of an aluminum-coated spherical mirror 
[20]. The 4.3-pm fluorescence signal from a liquid-nitrogen- 
cooled InSb detector is employed as a frequency discriminant 
in the stabilization servo loop. 
The reference laser beam as well as the sequence laser 
beam were focused onto the point-contact metal-insulator- 
metal (MIM) diode as shown in Fig. 1. Each beam is focused 
to the tip of the MIM diode using a lens (L) of 1.5 " focal 
length. The whisker of the MIM diode is made by a 25-pm 
diameter tungsten wire [21]. By adjustment of each laser beam 
(power about 100 mW) onto the tip of tungsten whisker the 
maximum signal was obtained. 
Practically all beat frequencies between the sequence and 
regular CO2 laser lines are in the microwave region. The dif- 
ference frequency was downconverted by feeding an additional 
microwave signal to the MIM diode together with the two CO2 
laser beams. A Hewlett-Packard (HP) 8373 1A synthesized 
signal generator served this purpose. The frequency of the 
microwave was chosen so that the final difference frequency 
lied within the 1-GHz bandwidth of the rf preamplifier. The 
output signal was then observed with a HP 8561B spectrum 
analyzer. The frequency of the final beat note was measured 
by comparison with a known frequency marker displayed 
simultaneously on the screen of the spectrum analyzer. The 
marker was generated by a signal generator that was locked to 
the oven stabilized 10-MHz oscillator in a precise microwave 
frequency counter. This method allows us to decrease the 
marker readout error to the 1-kHz value. 
B. Longitudinal 4.3-pm Fluorescence Collecting Cell 
As mentioned above, there are two key considerations 
for stabilizing the sequence band CO2 laser by the 4.3-pm 
fluorescence method: the heating of the CO2 in the cell 
and the increasing of fluorescence collecting length due to 
the relatively small photon trapping effect [16]. The 4.3-pm 
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Fig. 2. Normalized 4.3-pm signal as a function of temperature of Section 
II-A of the L-cell: curve 1 is for the regular band 9R(12) line and 200 mTorr 
of CO2 in L-cell; curves 2 and 3 are for the sequence band 9SR(17) line, 
pressure 350 mTorr (2) and 170 mTorr (3). Each plot is normalized to its 
value at room temperature. 
fluorescence originated from the absorption of the sequence 
band radiation runs between 0O02-OO01 levels of CO2 and 
it has a small photon trapping effect. Our estimate shows 
that photon trapping or self-absorption of the sequence band 
4.3-pm fluorescence by CO2 can be neglected even at temper- 
atures of as much as 450 "C; at this temperature the absorption 
is still two orders of magnitude less than that of regular band 
fluorescence. Thus, by increasing the fluorescence collecting 
length using a longitudinal cell we can increase the 4.3-pm 
signal originated from the sequence band and, therefore, have 
a sufficient S/N at a relatively low cell temperature. 
To prove that the fluorescence emitted at the far end of the 
longitudinal cell can be detected by the photodetector we made 
an L-cell which consisted of two 20-cm sections. Both sections 
are Pyrex glass tubes with aluminum coated inside. Section A, 
which was at the far end to the detector, was heated. At the 
same time section B, which was located at the near end to the 
detector was kept at room temperature. A long-wavelength- 
pass filter was emplyed to block the 4.3-pm radiation coming 
from the laser discharge tube and a short-wavelength-pass was 
used to select the 4.3-pm fluorescence signal. By varying the 
temperature of the far section A and keeping section B cool, we 
measured the fluorescence signals induced by the R( 12) line of 
9-pm regular band (9R( 12)) at 760 mW power and also by the 
R(17) of 9-pm sequence band (9SR(17)) at 1 W power. The 
results are presented in Fig. 2. Each set of plots is normalized 
to its value at room temperature. The increase of the signal 
originated from regular band radiation is very small due to the 
photon trapping effect and practically all fluorescence comes 
from the cool section B. In the case of the signal induced 
by the sequence band radiation we observed approximately 
exponential growth with increasing temperature of Section II- 
A. This shows clearly that the sequence 4.3-pm fluorescence 
has very small photon trapping and the collection efficiency is 
greatly increased in the longitudinal type configuration. 
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cence cell (see details in text). 
Schematic illustration of the extemal longitudinal 4.3-pm fluores- 
The external longitudinal 4.3-pm fluorescence cell utilized 
in this experiment is shown schematically in Fig. 3. The main 
element of the L-cell is a 20-cm long quartz tube with an 
inner diameter of 14.6 mm and its inside surface is coated with 
gold by thermal evaporation. The advantages of gold coating 
in comparison to the aluminum coating used in our earlier 
studies [16] are higher reflectivity and lower emissivity; this 
increases the useful 4.3-pm signal and decreases the noise 
caused by thermal radiation respectively. The cell is heated by 
a Ni-Cr coil, which is uniformly wound on the outer surface 
of the quartz tube. Thermal insulation and uniform heating of 
the cell are provided by a ceramic jacket. The temperature 
is monitored by a thermocouple at the central part of the 
L-cell, and both ends have lower temperature. The L-cell is 
sealed by an input AWAR ZnSe window and an output short- 
wavelength-pass filter (SWPF) which transmits 80% radiation 
at 4.3 pm and reflects 75% CO2 laser radiation. For lasers 
whose output radiation has strong 4.3-pm radiation from the 
laser discharge tube, an additional long-wavelength-pass filter 
or laser grating can be used to block it. Pure CO2 gas slowly 
flows through the cell. The fluorescence generated in the L- 
cell is monitored with a liquid-nitrogen-cooled InSb detector 
with an active area of 7 mm x 7 mm. To reduce the amount of 
thermal radiation seen by the detector it was equipped with a 
cold narrow band-pass filter (90% transmission at 4.3 pm and 
half power width from 4.16 to 4.76 pm). For observation of 
the saturated fluorescence dip a slightly divergent laser beam 
with about an 8-mm diameter at the cell is directed into the 
L-cell and reflected back through the cell by the SWPF. The 
returned beam is deflected by about 5 mrad to avoid any optical 
feedback into the laser. The output of the InSb detector is 
sent into a lock-in amplifier. The first derivative signal of 
the saturation dip obtained by applying a small frequency 
modulation (dither of about 2 MHz) to the laser is used as 
a frequency discriminant in a servo loop. A typical recorder 
trace of the first derivative signal is shown in Fig. 4. Finally, 
it should be noted that to prevent the degradation of coating 
quality after heating and cooling cycles the L-cell was kept at 
vacuum constantly. 
C. The Procedure of Measurements 
Usually signal-to-noise ratio optimization is undertaken to 
choose the parameters of the 4.3-pm fluorescence cell [14]. 
The main principle of such optimization is to reach the highest 
IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 31, NO. 7, JULY 1995 
8.0 
4.0 
0.0 
-4 .0 
-0.0 
-12.0 I ' I I I I I I I I 
o i o  20 30 40 50 60 70 a0 90 
Time ( sec ) 
Fig. 4. 
used for stabilization. 
Typical 4.3-pm derivative signal for the sequence band line that was 
S/N under the most suitable conditions. And only at the final 
stage the time domain frequency stability of Allan variance 
is measured with the help of two-channel heterodyne system. 
However, in this procedure it is rather difficult to say exactly 
how the parameters of the 4.3-pm fluorescence cell influence 
the frequency stability quantitatively. For optimization of 
parameters of L-cell on the sequence band lines we used 
another procedure. 
To investigate the effect of the various parameters on the 
frequency stability, we measured the beat note frequency 
between the sequence and regular band lasers, then deduce 
the standard deviation (a) of the beat note frequency and 
investigated its dependence upon different parameters. For 
a fixed 30-s averaging time a study of the influence of 
temperature and pressure of CO2 in the fluorescence cell, as 
well as laser power and line strength on a was carried out. 
Measurements were conducted for two sequence band lines: a 
strong line-9SR(19) which is close to the maximum of the 
Boltzmann rotational distribution at our cell temperature and a 
weak line-9SP(33). The beat note signal for the first one was 
observed by heterodyning against the 9R(14) line and for the 
second one against the 9P(36) line of the regular band. The 
standard deviation 0 was calculated in the common manner: 
(T = [ ( z  - .$/n - 11 1'2; (1) 
2 
where n is the number of samples, Z is the average value, and 
zi is the value of ith sample. 
The ordinary procedure of measurements was as follows: 
after 4-5 hours of warming up of both lasers the difference 
frequency for strong or weak pair lines was determined. A 
set of 8 or 10 samples was used for each data point. To 
make all measurements under the same conditions and to 
eliminate systematic errors, after each sample we unlocked 
and relocked the lasers. In fact, within the resolution achieved 
no essential difference was observed between measurement 
results obtained in this manner and results obtained within 
relocking of the lasers during about 5 minutes. For longer 
intervals of time due to the temperature variations of the 
environment we observed the thermal drift of lasers. Hence, we 
divided the measurement samples in two sets, and within each 
set no adjustments on both lasers were made. In between the 
two sets however, the laser power slope was checked carefully 
with the help of a power meter (PM in Fig. 1) and the power 
maximum was set to the bottom of the absorption dip by 
adjusting the grating and PZT. This was done to eliminate 
the nonzero laser power slope error [15] which is due to the 
large difference in CO1 pressures in the laser tube and L-cell 
and also to reduce the effect of thermal drift of lasers. 
In order to reduce the width of the beat note and hence 
increase the accuracy of the beat note frequency, both lasers 
must have same modulation frequency for frequency dither. 
The modulation frequency must be slow enough so that the 
molecules in the upper level have enough time to fluoresce 
down to the lower level. Its optimum value for regular band is 
about 500 Hz [15]. Our earlier studies show that for sequence 
band laser transitions optimal modulation frequency from the 
point of view of S/N occurs at about 750 Hz, and the S/N 
decreases for less than 10% from its maximum value in 
the 500-900 Hz range [ 161. Therefore, we used modulation 
frequency of 520 Hz for both regular and sequence band lasers. 
The typical frequency dither was about 2 MHz for both lasers. 
Before each measurement the amplitude of the dither volt- 
age modulating the frequencies of the two lasers and their 
relative phase were adjusted to minimize the width of the beat 
note. Typically it was about 600 kHz for our experimental 
setup. The beat note frequency was calculated as the center 
value of the beat note signal whose left and right edges were 
determined with the help of a known marker frequency. 
In addition to the standard deviation of the beat note 
frequency o, the S/N of the 4.3-pm fluorescence signal was 
measured. Fig. 4 illustrates the signal amplitude we chose to 
define the signal-to-noise ratios of the frequency discriminants 
in this paper. The rms noise (in 1-Hz bandwidth) was also 
recorded with the help of the lock-in amplifier. 
To determine the contribution of the instability of reference 
CO2 laser to the measured value of a and to calibrate our 
heterodyne system, we tuned both lasers to the regular band 
lines and fulfilled the procedure mentioned above. We chose 
9R(24) and 9R(26) for this purpose. The measured beat note 
frequency between these two lines is 36239.242 MHz with 
a standard deviation of 5.54 kHz. The measured beat note 
frequency is 4 lcHz less than the calculated value using the 
most accurate regular band transition frequencies [22]. Our 
sequence band laser is less stable than the regular band laser. 
The frequency stability for 30 s averaging time of the regular 
band laser is estimated to be about 3 kHz (frequency stability 
of about is realized). It will be shown that this value 
is at least three times less than the best one obtained while 
heterodyning the sequence and regular band lines, therefore 
we can neglect the contribution of the instability of regular 
band laser when deducing the sequence band laser stability in 
mOSt cases. 
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Fig. 5. First derivative signal (S), noise (N) and signal-to-noise ratio (S/N) 
for 4.3-pm fluorescence as a function of the L-cell temperature. The laser line 
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Fig. 6. Standard deviation of beat note frequency (0)  of sequence lines while 
heterodyning against regular lines as a function of the L-cell temperature. The 
sequence laser lines are 9SR(19) of 4.4 W and 9SP(33) of 1.45 W, and the 
CO2 pressure in the L-cell is 200 mTorr. 
m. RESULTS AND DISCUSSION 
A. Temperature 
The temperature dependence of the first derivative signal 
of the 4.3-pm fluorescence (S), noise (N), and S / N  for the 
9SP(33) line at 1.45-W power is shown in Fig. 5. Here, the 
CO2 pressure was 200 mTorr. The highest operation tempera- 
ture, about 320 O C ,  in our L-cell was limited by the saturation 
of the current-to-voltage preamplifier of InSb detector. In fact, 
the thermal radiation from the L-cell produces a large dc 
current, and the signal current is only a small ac current 
superimposed on this dc current. Hence, the highest operation 
dc current of the preamplifier defines the upper operational 
temperature limit. However, in the allowed temperature range 
-- I 8 
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Fig. 7. First derivative 4.3-pm fluorescence signal as a function of pressure 
of CO2 in L-cell. The laser line is 9SR(19), and the L-cell temperature is 
290 OC. 
a decrease of the S/N at about 300 "C was observed. For a 
background-limited detector the noise current is proportional 
to the square root of background thermal radiation and the S / N  
should increase with temperature in the allowed temperature 
range. As the signal grows steadily with temperature, the 
sharp growth of noise at the above mentioned temperature 
is the cause of the decrease in the S/N. Since the performance 
of our InSb detector is background-limited we attribute the 
decrease of the observed S/N to the excess noise in the built-in 
preamplifier operating at high dc current. 
Meanwhile the heterodyne frequency measurements for the 
strong 9SR(19) line and the weak 9SP(33) line show that 
standard deviation of the beat note frequency decreases with 
the increase of temperature. One can see from Fig. 6 that 
for strong line (T value is about 20 kHz in 150-250 OC 
and decreases to about 10 lcHz and remains about same in 
280-310 OC. Thus the analysis of both 0 and S/N shows that 
the moderate L-cell temperature of 280-300 OC is optimal. 
B. Pressure 
The main effects of the pressure in the fluorescence cell are 
pressure broadening of the 4.3-pm saturation dip and pressure 
shift of the line center [15]. Our measurements were not 
accurate enough to determine the pressure shift; hence only 
the influence of pressure broadening on the laser stability was 
investigated. 
At a fixed temperature of 290 "C, we studied the depen- 
dence of sequence laser stability on the CO2 pressure. The 
4.3-pm derivative signal as a function of CO2 pressure in the 
L-cell, for the strong line 9SR(19) is presented in Fig. 7. The 
optimal pressure for the derivative signal increases from 150 
to 200 mTorr with increasing laser power. The existence of 
an optimal pressure is attributed to the competition between 
two main factors: an increase in pressure increases the number 
of absorbing particles in the cell; however, at some level, the 
pressure broadening that increases the 4.3-pm saturation dip 
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Fig. 8. Standard deviation of beat note ( 0 )  of the 9SR(19) sequence line 
while heterodyning against the 9R(14) regular line (a) and beat note width 
variation from the minimum value (b) as a function of the CO2 pressure in 
L-cell. The L-cell temperature is 290 OC. 
width comes into effect and, therefore, reduces the slope of 
the Lorentzian profile. Note that for pressures from 100 to 
300 mTorr the full width at half maximum of saturation dip 
rises from 0.75 to 2.25 MHz. An increase of the 4.3-pm 
fluorescence dip depth with power would reduce to some 
extent the effect of pressure broadening. This explains the 
increase of optimal pressure with increasing laser power. The 
highest S/N achieved at laser power 4.4 W is larger than 100. 
To minimize the pressure shift one must choose a pressure 
as low as possible without sacrifice of the stability. This can 
be done directly from standard deviation data as a function of 
pressure, as presented in Fig. 8(a). For both power values the 
optimal pressure range is 18&200 mTorr where a standard 
deviation of about 10 kHz is realized. Note that the best 
values of CT are obtained for laser power of 2.5 W. These 
data correlated well with the width of beat note signal which 
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can serve as an additional parameter for stability evaluation 
(see Fig. 8(b)). Each set of plots is a variation of the beat note 
width from the minimum one. The minimum width of beat 
note signal is 460 kHz for laser power 2.5 W and 595 kHz for 
4.4 W at about 150 mTorr and the width remains practically 
constant within the measurements error up to 200 mTorr. Thus, 
the optimal pressure for the L-cell lies within the range of 
180-200 mTorr and the pressure shift estimated using the data 
from Soohoo et al. [15] is about 1&15 kHz. 
C. Laser Power 
Since the efficiency of CW CO:! laser oscillation on the 
lines of sequence band is substantially lower than those 
for regular band, the laser power optimization is mainly 
restricted to the determination of the undermost level of 
power that is required for the optimal stabilization using the 
4.3-pm fluorescence method. For this purpose, for strong 
9SR(19) and weak 9SP(33) lines the investigation of power 
influence on frequency stability was undertaken. The laser 
power was measured in front of the input window of the L-cell 
(beam diameter was about 8 mm). Measurements of the first 
derivative signal have shown that for both lines the higher the 
power the higher the signal due to the increase of the 4.3-pm 
dip depth. We reached S/N values of 100 and 21 for strong 
(4.4 W) and weak (1.45 W) lines, respectively. The standard 
deviation of beat note frequency of these lines as a function of 
power is shown in Fig. 9. The experimental curve for 9SR( 19) 
has a very smooth minimum at 2.5 W and (T is about 10 kHz 
for the power range of 1.8-3.0 W. Experimental data indicates 
that for the weak line it is possible to reach c value of about 
10 kHz. 
Thus, the optimal power level for sequence band laser 
stabilization using the 4.3-pm fluorescence method occurs in 
the range of 1.5-2.5 W for our setup. For different geometries 
of laser beam it can be estimated by the intensity of the 
sequence band laser radiation in the L-cell that is in the range 
of 5.5-9.5 W/cm2 assuming perfect coincidence of the direct 
TOCHlTSKY et al.: FREQUENCY STABILIZATION OF THE SEQUENCE-BAND CO2 LASER USING THE 4.3-pm FLUORESCENCE METHOD 1229 
Time ( minutes ) 
(a) 
Time ( days ) 
(b) 
Fig. 10. Reproducibility of beat note frequency value as a function of time 
in minute-to-minute (a) and day-to-day (b) scale. The sequence laser line is 
9SR(19) and the regular laser line is 9R(14). The sequence laser power is 
2.5 W, the L-cell temperature is 300 OC, and the CO2 pressure in the L-cell 
is 200 mTorr. 
and reflected beams. Finally, it should be noted that, as for 
regular laser stabilization [15], no measurable effects due to 
imperfect and slightly truncated TEMoo beam profiles were 
observed. 
D. Long-Term Stability and Reproducibility 
The results of standard deviation of beat note frequency 
between sequence and regular band lasers have shown that 
under optimal conditions 0 (30 s) 510  lcHz can be achieved. 
The estimated value of long-term stability for sequence laser is 
also about 10 kHz. We have also measured the reproducibility 
of 9SR( 19) beat note value against 9R( 14) during minute-to- 
minute and day-to-day. The data obtained are presented in 
Fig 10. Anaysis of the beat note frequency for the between 
9SR(19) and 9R(14) shows that the measured value of beat 
frequency varies within 10 kHz from the average value both 
at the minute and day scales. Furthermore, a day-to-day 
average beat note frequency was 3175.055 MHz which is 
only 3 lcHz less than the value deduced on the basis of our 
recent heterodyne frequency measurements of sequence band 
transitions [ 181. 
IV. CONCLUSION 
In this paper, the method of saturated 4.3-pm fluorescence 
stabilization is applied to the sequence band CO2 laser. To 
determine in the most direct fashion the influence of various 
parameters on the long-term stability and reproducibility we 
used a two-channel heterodyne system and deduced the stan- 
dard deviation of beat note frequency (a) between sequence 
and regular band lasers and studied its dependence upon 
these parameters. Such an absolute scale approach enabled 
us to determine the optimal conditions for both the 4.3-pm 
fluorescence L-cell and CO2 laser for sequence band laser 
stabilization. 
With a 20-cm long 4.3-pm fluorescence longitudinal cell 
filled with 200 mTorr of CO2 gas heated to 300 “C, the 
a for the fixed averaging time of 30 s was achieved at 10 
kHz magnitude for 1.5-2.5 W laser power (corresponding 
to 5.5-9.5 W/cm2 intensity in the cell for our setup). With 
these operational conditions the long-term stability and repro- 
ducibility of sequence band CO2 laser is deduced to be about 
10 kHz and this result is only three times worse than the 
10-l’ stability of regular band oscillation achieved with our 
system. Undoubtedly, higher stability can be achieved with 
this method by using a laser with more stable cavity structure 
[23] or operating the laser in a more stable environment. 
We have already used this method of stabilization when 
we performed the heterodyne frequency measurements of 
66 sequence band laser transitions and total experimental 
accuracy is better than 20 lcHz [18]. Accurate values of 
sequence band transition frequencies along with the rather 
simple and reliable 4.3-pm fluorescence stabilization technique 
enhance the use of sequence band laser in high resolution 
spectroscopy and as precision calibration bench marks in 
heterodyne spectroscopy. It will be attractive to use sequence 
band lines in microwave sideband CO2 laser systems [24] 
instead of utilizing expensive carbon dioxide isotopes for 
filling the gap between the CO:! regular band lines. 
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